DNA methylation is a common epigenetic signaling mechanism associated with silencing of repeated DNA and transcriptional regulation in eukaryotes. Here we report that DNA methylation in the human fungal pathogen Candida albicans is primarily localized within structural genes and modulates transcriptional activity. Major repeat sequences and multigene families are largely free of DNA methylation. Among the genes subject to DNA methylation are those associated with dimorphic transition between yeast and hyphal forms, switching between white and opaque cells, and iron metabolism. Transcriptionally repressed methylated loci showed increased frequency of C-to-T transitions during asexual growth, an evolutionarily stable pattern of repression associated mutation that could bring about genetic alterations under changing environmental or host conditions. Dynamic differential DNA methylation of structural genes may be one factor contributing to morphological plasticity that is cued by nutrition and host interaction.
methylcytosine | dimorphic fungi | gene expression | genome evolution | bisulfite sequencing T he pathogenic yeast Candida albicans is the most prevalent cause of severe fungal infections in humans, especially in immunocompromised patients (1) . The host environment cues complex responses from C. albicans such as dimorphic transition and phenotypic switching, which are important for virulence, survival, and mating of this fungus (2) (3) (4) . In the laboratory, these unique morphological and phenotypic forms can be induced by changes in growth medium or environmental conditions (3) . A twofold difference in DNA methylation, with 5-methylcytosine ( me C) constituting 0.05-0.1% of the genome, has been observed between the hyphal and yeast morphologies, respectively (5) . This finding suggests that transition between these forms could be regulated by epigenetic modifications.
Methylation of cytosine bases is the best characterized epigenetic DNA modification observed in the genome of eukaryotic organisms. This modification plays an important role in maintenance of genome integrity, genomic imprinting, transcriptional regulation, and developmental processes (6) (7) (8) . Transposable elements, heterochromatic regions, and DNA repeats of many organisms are densely methylated, resulting in a repressive chromatin state and silencing of these genomic regions (7, 9) . In mammals and plants, DNA methylation also occurs at the promoter region of genes, where it can cause gene repression by inhibition of transcriptional initiation (6, 8, 10) . Recent studies have uncovered DNA methylation within the transcribed regions, or bodies, of genes in flowering plants and mammalian stem cells, where it is primarily involved in the inhibition of transcriptional elongation and antisense transcription (8, (10) (11) (12) . In contrast to gene body methylation, DNA methylation in fungi such as Neurospora has been viewed as a genome defense mechanism because it silences transposable elements and repetitive DNA sequences that have been mutated by repeat-induced point mutation (7, 9) . Compared with the levels of me C reported in other fungi (Neurospora, 1.5% me C; Agaricus bisporus, ∼4% me C; Ustilago maydis, 2.3% me C; and Armillaria bulbosa, 4.3% me C), only 0.5% of cytosines are expected to be methylated in the yeast form of C. albicans (13) (14) (15) . However, the distribution and biological significance of DNA methylation in this organism's genome are unknown.
Here we show that DNA methylation in C. albicans occurs largely within structural genes and regulates transcription dependent on reversible phenotypic pathways and iron metabolism. Our results further reveal that repeated DNA sequences in C. albicans are mostly devoid of DNA methylation in contrast to other eukaryotes where methylation occurs primarily in transposable elements and DNA repeats.
Results
Identification of Methylated Genomic Regions. A His-tagged methylCpG binding domain (MBD) of the mouse MeCP2 protein (16) was prepared by expression in Escherichia coli and then coupled to Ni-nitrilotriacetic acid (NTA) agarose for purification of methylated DNA from bulk genomic DNA by affinity chromatography. We first validated the method using unique control DNAs that were methylated in vitro and mixed with unique unmethylated DNAs. Methylated DNAs eluted at high salt concentrations (0.6-1 M NaCl), whereas unmethylated DNAs eluted at low salt concentrations (Fig. S1A) . We performed a screen for methylated DNAs from C. albicans strain SC5314 with Sau3AI-digested total genomic DNA. Putative methylated DNA fragments that eluted with high salt (≥0.6 M NaCl) were inserted into BamHI-digested pBluescript and propagated in E. coli. Plasmid DNA from each clone was used in slot blot analyses to identify clones enriched by the MBD column in comparison with unfractionated total genomic DNA (Fig. S1B) . Enrichment was normalized to a known unmethylated DNA from the centromere of chromosome 1 (CEN1; ref. 17) . Enrichment values twofold higher than CEN1 were considered significant. Slot blot analysis revealed 203 clones significantly enriched in the high salt eluted fractions.
The enriched candidate methylated clones were sequenced and then identified by using BLAST analysis against the C. albicans genome assembly 21 (www.candidagenome.org). The enriched sequences represented ∼0.2% of the C. albicans genome. Of 203 enriched clones, we chose 55 candidate methylated regions representing a range of low (2-fold) to high (46-fold) enrichment values (Dataset S1) for the validation of DNA methylation in the C. albicans genome (7.0-fold average and 4.7-fold median enrichments for the candidate group compared with 7.2-and 4.4-fold, respectively, for the total group). All 55 regions showed evidence of me C by bisulfite sequencing (18) and/or by methylationspecific restriction analysis using methylation-sensitive (Sau3AI) and methylation-insensitive (DpnII) restriction enzyme isoAuthor contributions: P.K.M., M.B., and J.C. designed research; P.K.M. performed research; P.K.M., M.B., and J.C. analyzed data; and P.K.M., M.B., and J.C. wrote the paper. Fig. 1 and Figs. S2 and S3) with genomic DNA that was not affinity-purified. These results confirmed that the DNA fragments enriched by MBD column chromatography correspond to methylated DNA regions in C. albicans. Sequence analysis revealed that the majority of C. albicans methylated DNAs identified in this study are categorized as genes (82%; n = 165 clones representing 150 coding regions) and nonrepetitive intergenic regions (13%; n = 27 clones), whereas only 5% of the methylated clones (n = 11 clones representing 8 repeated regions) are categorized as repetitive sequences (Dataset S1). DNA methylation in C. albicans occurs in both symmetric ( me CpG) and asymmetric ( me CpN) sequence contexts. There was a slight sequence preference for methylation in that two-thirds occurred in me CpA (43.3%) and me CpT (24.6%) dinucleotides (Fig. S4A ) among 40 regions examined by bisulfite sequencing (34 coding, 1 intergenic, and 5 repeated regions; Dataset S1). In addition, the sequence analysis revealed a preference for a thymine upstream of me C in all sequence contexts (Fig. S4B) .
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Methylated Repeated DNAs. Repeated regions found to be methylated include rRNA genes (nuclear and mitochondrial), subtelomeric DNA, and a few long terminal repeat (LTR) sequences. The methylation status of these DNA elements was independently verified by methylation-specific restriction analysis or bisulfite sequencing. Southern hybridizations of Sau3AI-and DpnII-digested genomic DNA with radiolabeled 25S ribosomal DNA (rDNA), CaRE1, or LTR theta showed variation in restriction patterns between isoschizomers that is consistent with the presence of me C in these DNA regions (Fig. S3A) . Based on Southern hybridization, the occurrence of me C in 25S rDNA is conserved among three strains of C. albicans (Fig. S3B) that are separated by a divergence time of 1-3 million years (19) . Bisulfite sequencing confirmed the presence of me C in 25S nuclear rDNA and mitochondrial rDNA of the large ribosomal subunit (Fig. S3 C and D) , an observation consistent with the occurrence of methylation in these types of repeat sequences in other eukaryotes (7, 9) .
C. albicans also harbors large blocks of repeated DNA known as major repeat sequences (MRS), which occur on seven of the eight chromosomes (20) , as well as transposon derived sequences (21) and multigene families such as telomere length organization (TLO), secreted aspartyl proteinase (SAP), and agglutinin-like sequences (ALS) (22) . None of these repeat families were enriched in high salt fractions from the MBD column, suggesting that these regions in C. albicans are not methylated. Nonetheless, we examined the status of DNA methylation in these repeated sequences. We were unable to detect DNA methylation using methylation-specific restriction analysis of Sau3AI-, DpnII-, HpaII-, and MspI-digested genomic DNA hybridized with a radiolabeled RPS1 region of MRS (Fig. S5A) . Moreover, Southern hybridization of DNA fractions eluted from the MBD column with radiolabeled RPS1 revealed that MRS DNA eluted in 0.5 M salt, below the cutoff value for our collection of methylated sequences (Fig. S5B ). This result suggests that an extremely lowlevel DNA methylation in this DNA region is possible, but it is below the detection limit of our assays. Although a single symmetrical me CpG pair is bound by MBD-affinity chromatography, low affinity interactions with non-CpG methylated residues are possible (23) . Likewise, ALS3 and ALS4, encoding cell-surface glycoproteins required for adhesion of the organism to host surfaces, showed no evidence of DNA methylation as judged by methylation-specific restriction analysis ( Fig. S5 C and D) . Together these results indicate that the MRS and other repeated DNA sequences we examined in C. albicans are largely free of DNA methylation, unlike other fungi where DNA repeats and transposon-derived sequences are heavily methylated (7, 9, 12) .
Methylated Gene Regions. Classification according to predicted protein function revealed that many of the 150 methylated genes identified by our screen encode proteins that are involved in environmentally cued pathways, such as morphogenesis and hyphal growth (25 of 150 genes, or 16.7%), phenotypic switching (3.3%), iron utilization (6.7%), drug resistance and signaling (12%), and stress response (7.3%). Other methylated genes have predicted involvement in chromatin organization (3.3%), cell cycle or division (7.3%), protein biogenesis or transport (12.7%), DNA/RNA processing (5.3%), pathogenesis or virulence (2%), carbohydrate metabolism (1.3%), or unknown (22%) functions (Dataset S1). Southern analysis using methylation-sensitive and -insensitive restriction enzyme isoschizomers revealed the presence of methylation in all 13 genes examined ( Fig. 1A and Dataset S1). Bisulfite sequencing was performed on 34 randomly selected methylated genes, and data were deposited with GenBank. Only data from representative genes (those shown in bold in Dataset S1) will be presented here and in Figs. S2-S7. Independent clones obtained from a population of cells growing in the yeast cell form displayed heterogeneous distribution of me C ( Fig. 1 B and C and Fig. S2 ). Because we typically recovered small methylated Sau3AI fragments (<500 bp) from our screen, we randomly selected several methylated genes (orf19.5749, orf19.2593, and SEC20) and performed bisulfite sequencing of the entire gene including 100 bp Genomic DNA from C. albicans strain SC5314 (yeast morphology) was digested with isoschizomers DpnII (D) and Sau3AI (S), fractionated on agarose gels, blotted to a nylon membrane, and hybridized with radiolabeled DNAs (probe lengths are specified parenthetically) derived from the coding regions indicated: orf19.1725 (2.0 kb), a predicted gene; orf19.2767 (1.9 kb), PGA59 gene, regulated according to cell morphology and encoding a cell wall GPI-anchored protein; orf19.2253 (1.5 kb), regulated by white-opaque switching; and orf19.4549 (0.9 kb), FGR38 gene, encoding a regulator of filamentous growth. (B and C) Bisulfite-converted genomic DNA corresponding to the MBD-affinity enriched DNA fragment, depicted as a filled black bar below the indicated gene, was analyzed by DNA sequencing. Sequences from independent clones are aligned. Cytosine, short vertical lines; me CpN, symbols as indicated. Ca21Chr1 and Ca21Chr3 represent C. albicans genome sequence assembly 21 chromosomes 1 and 3, respectively. All schematics are drawn to scale and are derived from C. albicans genome sequence assembly 21 (www.candidagenome.org).
upstream and downstream of the coding region. We found methylation only within the body of genes, whereas no me C was detected in the flanking region of any of the genes sequenced ( Fig. S2C and SI Appendix). Only 6 (orf19.2639.1, orf19.4575, orf19.5788, orf19.6187, orf19.6286.2, and orf19.6718) of the 150 genes identified here contain introns (24) , suggesting that me C does not mark exonintron boundaries or regulate alternative splicing in C. albicans. Because DNA methylation is largely found within coding regions, it suggests that the major function of DNA methylation in C. albicans could be gene regulation.
Methylation Represses Transcription Dependent upon Reversible
Phenotypic Pathways. The prevalence of gene methylation in C. albicans suggests that DNA methylation may play an important regulatory role. We therefore examined the relationship between methylation and transcription among selected methylated genes in pathways for morphological transition between unicellular yeast and multicellular hyphal forms, or phenotypic switching between white and opaque cell forms. We examined the distribution of DNA methylation by bisulfite sequencing of a number of genes involved in morphogenesis and cell proliferation (orf19.2769/PBI2) and phenotypic switching (orf19.2834/RPD3, orf19.1288/FOX2, and orf19.2253) in C. albicans strain SC5314 and white-opaque switching strain WO1 (4), respectively. We found that methylation of these gene sets varied between yeast and hyphal cells and between white and opaque cells, respectively. Our results show a direct relationship between presence of methylation and transcriptional inhibition, as judged by Northern blots, correlated with phenotype or cell form (Fig. 2 and Fig. S6 ). We conducted a detailed analysis of me C and its impact on transcription of the PBI2 gene (orf19.2769), which is required for proteolysis during sporulation (25) . Within a population of yeast-form cells, me C was found with variable positioning in the body of PBI2, whereas hyphal cells were largely free of methylation ( Fig. 2A) . Northern blot analysis revealed transcriptional repression of PBI2 in yeast cells; conversely, PBI2 was transcribed in hyphal cells (Fig. 2B) . We used DNA methylation inhibitor 5-azacytidine (AzaC) to examine whether cytosine methylation is the cause of transcriptional repression of PBI2 in yeast-form cells. As observed in other organisms (10), AzaC treatment resulted in the loss of cytosine methylation in the methylated DNA regions examined (SI Appendix; orf19.7270 and orf19.5526). Growth of strain SC5314 in low-nitrogen medium containing AzaC efficiently prevented DNA methylation at the PBI2 locus and concomitantly activated transcription of this gene ( Fig. 2 A and C) , suggesting that DNA methylation directs repression of PBI2 in yeast-form cells.
In many organisms, if erased or lost, DNA methylation can be reestablished by de novo methylation (6, 7, 26) . Thus, we next examined whether DNA methylation can reestablish in C. albicans once it is erased by AzaC treatment. We transferred cells to low-nitrogen medium after passage through AzaC medium, and cultures were allowed to grow for ∼20 generations. Our results show reestablishment of DNA methylation that is paralleled by repression of gene expression at the PBI2 locus (Fig. 2 A and C) . Together, these results suggest that DNA methylation detected in C. albicans is associated with transcriptional repression of the linked gene.
DNA Methylation Is Associated with Iron-Regulated Gene Repression but Is Not Required for the Repression. Iron is an essential component of the C. albicans pathogenesis pathway and plays an important role in signaling and progression of systemic infection (2, 27) . Our screen uncovered methylated genes previously shown to exhibit iron dosage-dependent gene expression (2) . We examined the distribution of me C and its effect on transcription of RBT5 and GEA2 in strain SC5314 grown in medium containing a low or high concentration of iron. RBT5, which encodes a glycosylphosphatidylinositol (GPI)-anchored protein required for the maintenance of C. albicans cell wall integrity, host adhesion, and hemoglobin utilization (27) , was heterogeneously but extensively methylated in high iron conditions, but not in low iron conditions. Northern blotting showed that transcriptional repression was correlated with the presence of me C (Fig. 3 A and  B) . Similar results were observed for GEA2, which encodes an iron-regulated guanine nucleotide exchange factor involved in vesicular transport and cytoskeleton organization, although repression of GEA2 was not absolute under high iron conditions (Fig. S6D) .
In the presence of high iron concentrations, RBT5 is regulated by an iron responsive GATA-like factor, Sfu1p, which has been proposed to act by blocking transcription initiation at genes it represses (2) . Although deletion of the SFU1 gene would be expected to relieve RBT5 repression under high iron conditions, it has been previously shown that it is not significantly relieved (2). Our results reveal that under these conditions RBT5 would still be methylated. Conversely, we examined RBT5 in a wild-type SFU1 strain (SC5314) grown in high-iron medium containing AzaC. No DNA methylation was detected in RBT5 after AzaC treatment; however, RBT5 transcripts were not evident on a Northern blot (Fig. 3 A and C) . This result suggests that Sfu1p directed silencing of RBT5 is independent of DNA methylation and that removal of DNA methylation is not sufficient to relieve iron-regulated gene repression.
Transcriptionally Repressed Methylated Gene Regions Show Increased
Frequency of C-to-T Transitions. Genome sequencing of C. albicans revealed an unusually high overall AT content of ∼66.5% (15) . Mechanisms that lead to these skewed genomic nucleotide ratios are largely unknown. In this study, we observed an increased rate of C-to-T mutations in methylated gene regions of C. albicans. Strain SC5314 was grown for ∼50 generations under conditions that result in the presence or near absence of methylation in iron-regulated RBT5 and GEA2 genes. These regions were PCR amplified, cloned into E. coli, and sequenced. DNA sequences of RBT5 and GEA2 gene clones from cells that had been transcriptionally repressed by growth under high exogenous iron conditions exhibited a higher frequency of C-to-T transitions compared with gene clones from cells grown for the same number of generations under low exogenous iron conditions (Fig. 4 and Fig. S7B, Rep-I) . We conducted additional experiments with duplicate cultures to examine the reproducibility of the observed mutational patterns. We consistently observed a higher frequency of C-to-T transitions when genes were methylated and repressed (Fig. S7 A and B, Rep-II) . In addition, sequence analysis of independent clones of RBT5 revealed that the mutation pattern established after growth in high-iron medium remains stably fixed in the C. albicans population reexposed to low iron conditions (Fig. 4 Lower).
To determine whether the elevated frequency of C-to-T transitions observed in genes under repression is influenced by the genetic background of strain SC5314 or the high-iron dosage used in the growth medium, we selected white-opaque switching strain WO1 to further examine the mutational spectrum of genes under repressive conditions. Notably, strains SC5314 and WO1 are estimated to be separated from each other by a divergence time of 1 million years (19) . Strain WO1 was grown for ∼50 generations under conditions that result in the presence or near absence of methylation in the white-opaque regulated FOX2 gene (Fig.  S6C) . FOX2 genes cloned from white cells, in which the gene is transcriptionally repressed by DNA methylation, also showed a higher number of C-to-T transitions than did FOX2 genes cloned from opaque cells grown for a similar number of generations (Fig.  S7C) . The higher rate of mutation in FOX2 under repression was observed among independently grown cultures (Fig. S7C) . We also examined orf19.2253, a white-opaque regulated gene, which exhibited C-to-T transitions under conditions when the gene was repressed and methylated (Fig. S7D) . Sequence analysis revealed that all C-to-T transitions occurred at third-codon positions and were selectively neutral (synonymous mutations). Thus, C. albicans gene regions undergoing cytosine methylation appear to accumulate C-to-T transitions. This characteristic likely is one factor contributing to the evolution of an AT-rich genome in this organism.
We estimated the frequency of the C-to-T mutations by calculating the base substitutions per nucleotide per generation (28) . Previous reports on C. albicans using reporter constructs estimated an average mutation frequency of 10 −6 per cell per generation based on the formation of L-sorbose-utilizing mutants (29) . We found that the frequency of mutations is about fivefold to ninefold higher and significantly different (Fisher's exact test, Fig. 3 . Iron-mediated gene silencing is independent of DNA methylation. (A) DNA methylation in the RBT5 gene was determined by bisulfite DNA sequencing in strain SC5314 grown in low (1 μM) and high (100 μM) iron conditions. Schematic is drawn to scale and is derived from C. albicans genome sequence assembly 21. The DNA fragment corresponding to the filled black bar below RBT5 was analyzed by bisulfite sequencing. Sequences from independent clones are aligned. Cytosine, vertical lines; me CpN, symbols as indicated. (B) Northern blot of total RNA from low-and high-iron cultures was probed with radiolabeled RBT5 or TUB2 (loading control). (C) Northern blot of total RNA isolated from cultures grown with or without AzaC treatment was probed with radiolabeled RBT5 or TUB2. TUB2 was used to show that AzaC treatment does not affect gene expression. Fig. 4 . Transcriptionally repressed methylated genes show an increased frequency of cytosine-to-thymine transitions. Schematic is drawn to scale and is derived from C. albicans genome sequence assembly 21. The RBT5 gene was PCR-amplified with proofreading Taq DNA polymerase using template DNA derived from strain SC5314 grown for ∼50 generations in low (1 μM) iron, high (100 μM) iron, or high iron followed by ∼50 generations in low iron conditions. Independent PCR products were cloned into E. coli and sequenced. Sequences from independent clones are aligned. Cytosine, vertical lines; C-to-T mutation, X. P = 0.0012) when target genes were methylated and transcriptionally silenced compared with the same genes transcribed in the absence of methylation (Fig. S7E) . The mutation frequency for RBT5 in cells grown under high exogenous iron conditions was 2.88 (±0.94) × 10 −5 base substitutions per nucleotide per generation, whereas it was 3.3 (±0.77) × 10 −6 in cells grown in low-iron medium when RBT5 was transcribed (Fig. S7E) . Similar mutational frequencies were also observed for other genes regulated by iron or white-opaque phenotypes (Fig. S7E) . Because the frequency of mutation was significantly higher when the genes were under repression, we denote this process as repression associated mutation (RAM). As RAM is occurring on such a short timescale (∼50 generations) in coding regions that alternate between methylated and unmethylated states, it has the potential to evolve genes rapidly under conditions of fluctuating environmental changes or stress.
Discussion DNA methylation in fungi is mainly regarded as a genome defense mechanism, where it is thought to play a role in preventing the duplication of transposable sequences and silencing of DNA repeats (7, 9, 12) . Unlike other fungi examined, DNA methylation in C. albicans occurs mainly in gene bodies. The repeated DNA sequences, such as MRS and multigene families (for example, ALS genes) are largely free of DNA methylation. In higher eukaryotes, removal of DNA methylation from repeated DNA and transposable sequences results in the activation of these DNA elements leading to genomic instability (30) . Apparently, C. albicans exhibits extensive chromosomal instability mediated by translocation between MRS regions of different chromosomes (20) . Perhaps the absence of DNA methylation in MRS may contribute to instability in this repeated DNA locus. Overall, these observations indicate that the role of DNA methylation in repression of DNA repeats and transposon sequences has been lost or reduced in C. albicans.
DNA methylation in C. albicans is predominantly localized within intragenic regions and is propagated by de novo mechanisms. In other organisms, such as Neurospora, induction and propagation of nonsymmetric DNA methylation can also be achieved by maintenance activities (31); whether such mechanisms also exist in C. albicans is an open question. In Neurospora, symmetric and asymmetric methylation are propagated by a single DNA methyltransferase, dim-2 (32). In Arabidopsis, non-CpG methylation is propagated through RNA-directed DNA methylation and DRM2, a de novo DNA methyltransferase, whereas me CpNpG and me CpG are maintained by CMT3 and MET1, respectively (6). However, the enzyme and mechanism responsible for preferential methylation of CpA and CpT sequences in C. albicans has not been determined. We observed a direct link between the loss of DNA methylation and activation of gene transcription. Recent studies in plants, animals, and insects have uncovered gene body DNA methylation, resulting in transcription regulation (down or up depending on the organism examined), alternative splicing, chromatin alteration, and inhibition of transcription elongation (8, (10) (11) (12) 33) . Our results in C. albicans further establish that a role for intragenic methylation in modulation of gene transcription is evolutionarily conserved.
This study has revealed that genes, whose expression is modulated in concert with complex transitions in cell morphology or maintenance of iron homeostasis in response to adverse growth conditions, exhibit heterogeneous methylation that is correlated with transcriptional repression. Notably, neurobiological studies have identified gene repression due to intragenic methylation that appears to be correlated with stressful early life experiences (34, 35) . In these studies, heterogeneous and relatively low levels of methylation were detected for the brain-derived neurotrophic factor and glucocorticoid receptor genes within tissue-specific populations of mammalian brain cells (34, 35) . Low-level DNA methylation is also sufficient to modulate genetic switches in bacteria (36) . Together, these results suggest that only a few methylated residues are required and/or sufficient to establish a repressed chromatin state for the examined genes.
DNA methylation in C. albicans is associated with transcriptional repression of genes linked with dimorphic transition or phenotypic switching. Removal of methylation, however, is not sufficient for activation of gene pathways that are controlled by redundant negative regulation such as the iron-regulated gene RBT5. The latter result is consistent with observations from mammalian studies, where DNA methylation has a secondary role in transcriptional repression, such as mammalian X-chromosome inactivation (37) . The mechanism by which the methylated state is reversed is not known. A demethylase activity has been postulated, but an enzyme that can accomplish this result in vitro has not been identified (38) . It is significant that even among the small population of sequences analyzed for some genes in this study, a few unmethylated copies were present among the predominantly methylated population. This result could imply that the methylase is rate limiting, resulting in incomplete methylation, or that transition from the transcription OFF to the ON state proceeds by passive dilution of the methylated copies during DNA replication. Alternatively, DNA demethylation may actively occur by a multistep pathway using a me C DNA glycosylase and base excision repair as invoked for plants or a me C deaminase with subsequent removal of the T/G mismatch by thymine glycosylase as modeled for mammals (6) . Unless deamination is tightly regulated, the latter mechanism has the potential to introduce transition mutations.
Methylated gene regions of C. albicans showed increased frequency of C-to-T mutations (RAM). RAM events occur during asexual growth and were elevated by a repressed transcriptional state of the genomic loci. Apparently, RAM is capable of introducing genetic diversity that would be exposed when previously repressed genes are induced upon changing growth conditions and may affect the rate of evolution in C. albicans, which lacks a complete meiotic cycle (22) . Although the intrinsic rate of me C deamination is only 2-to 4-fold higher than C, in mammals the observed rate of mutation at me CpG is ∼10-to 50-fold higher than at CpG (39) . A high density of single-nucleotide polymorphisms in regions with repressed chromatin has been observed in the human genome (40) . Comparative analysis of the mutational patterns among organisms with divergent genomic complexity will be useful to determine whether the observed patterns of RAMs hold across the evolutionary scale and may provide insights into mechanisms that lead to increased frequency of mutation under repression.
The present study reports that DNA methylation in C. albicans occurs in structural genes and is involved in gene regulation, a previously undescribed finding. DNA methylation has an important role in maintaining and establishing transcriptional repression dependent upon the phenotype or metabolic state of the cell. These findings have broad implications because DNA methylation in C. albicans can be triggered by environmental stressors. Thus, this system offers an excellent model to dissect the mechanistic role of DNA methylation on gene regulation, genomic instability, and chromatin modification, as well as the reversal of this process. It would also be of general interest to use this fungus to address the unexplored evolutionary aspects associated with DNA methylation and genome evolution.
Methods
C. albicans strains SC5314, WO1, 1006, and NUM114 were used (19) . Methylated DNA was isolated from strain SC5314 grown in Lee's medium at 37°C containing either low or high nitrogen concentrations favoring yeast or hyphal growth, respectively (5). Phenotypic switching strain WO1 was used to examine the DNA methylation in white and opaque cells by using medium and growth conditions as described (4) . Strain SC5314 was grown in a defined medium containing either low (1 μM) or high (100 μM) ferrous ammonium sulfate as described (2) to study the effect of iron dosage on DNA methylation and transcription. To examine the effect of loss of methylation, liquid medium were supplemented with 100 μM AzaC (Sigma). Total DNA and RNA were prepared from fungal tissues by using DNeasy and RNeasy mini kits, respectively (Qiagen).
A methyl DNA binding (MBD) column was prepared essentially as described (16) with some modifications. Sau3AI-digested C. albicans genomic DNA was fractionated by using the MBD column as outlined (Fig. S1B) . The detailed procedure for MBD column preparation and use are described in SI Methods. Bisulfite sequencing (18) and Southern hybridization using methylation-sensitive and -insensitive restriction enzymes was used to determine the methylation status of C. albicans genomic regions. To examine the efficiency of bisulfite conversion, each bisulfite reaction included unique unmethylated pBluescript KS(−) vector DNA. Sequencing of bisulfite-treated vector DNA showed that bisulfite conversions were efficient and converted all cytosine residues to uracil (SI Appendix). Northern hybridization was used to measure gene expression following the procedure described in SI Methods. PCR primers used in this study are listed in SI Appendix.
